Abstract: A mixed metal dielectric grating is designed and analyzed to suppress the zeroth order in the reflection region instead of the transmission structure. There are no ±2nd orders for the grating period in this paper, which leads to high efficiencies in the ±1st orders. Efficiencies of 48.36% for TE polarization and 48.34% for TM polarization can be diffracted into the ±1st orders at the incident wavelength of 1550 nm, respectively. While in the zeroth order, there are only efficiencies of 0.21% for TE polarization and 0.23% for TM polarization. For the transmission grating, efficiencies are usually modulated cosinoidally based on a modal method. It is difficult to achieve wide fabrication tolerance for the etching depth. For the reflective grating in this paper, the wide etching depth range is tolerated, particularly for TM polarization. The low-contrast structure and good performance can make the reflective grating useful, with the zeroth order suppressed.
Introduction
A splitter is one of the most important optical elements and has numerous applications in many fields [1] - [3] such as optical information processing, optical computing, and optical communication systems. Most reported splitters are based on multilayer coatings or diffraction gratings. The grating-based splitter [4] - [6] is an alternative approach to achieve high efficiency, stable performance, compact size, and so on. The grating profile should be designed in order that the incident beam could be separated into two diffraction orders with the same energy. For the rectangular-groove grating, the unified design has been given for the polarization-independent two-port beam splitter under Littrow mounting incidence [7] . With the optimum grating structure parameters, efficiencies of 47.4% can be separated into the −1st and the 0th orders for TE polarization. For TM polarization, efficiencies are both 49.37% in the −1st and the 0th orders. For the sinusoidal-groove grating, the input light can be separated into the −1st and the 0th orders with the same intensity under Littrow mounting incidence [8] . The exact optimum grating profile can be searched by using rigorous coupled-wave analysis (RCWA) [9] . By analyzing reported beam splitters, the incident condition is mostly at the Bragg angle called Littrow mounting, and output ports are the −1st and the 0th orders. If the beam splitter is illuminated under normal incidence, there are usually three orders: the −1st, the 0th, and the 1st. It is not easy to suppress the 0th order for both TE and TM polarizations grating. Such a zeroth-order suppressed grating is useful in many optical systems [10] .
Mixed metal dielectric gratings were investigated for polarization-independent wide high efficiency [11] or polarization-independent absorption [12] theoretically by using RCWA. Moreover, the validity of optimizing mixed metal dielectric grating by using RCWA has been demonstrated by high-efficiency broad-bandwidth grating [13] . The physical mechanism of the mixed metal dielectric grating [11] has been reported by the interference of excited modes in the grating region [14] . Therefore, the presented mixed metal dielectric grating can be potentially fabricated for suppressing the zeroth order. The reflective grating with the 0th order suppressed not only offers a new approach to suppress the 0th order but enriches the application for the novel mixed metal dielectric grating as well [11] - [13] .
In this paper, a metal dielectric grating is presented to suppress the reflected 0th order. Grating structure parameters are optimized for the special duty cycle of 0.3 at the incident wavelength of 1550 nm. The reflective grating is illuminated under normal incidence instead of conventional Littrow mounting. Two-port outputs can be achieved in the reflective ±1st orders. The 0th order can be suppressed for both TE and TM polarizations. Fig. 1 shows the schematic illustration of splitter with the 0th order suppressed by a reflective grating with period of d . The beam splitter is illuminated by a plane wave with wavelength of under normal incidence from air with the refractive index of n 1 ¼ 1. After propagating through the grating region etched in fused silica with depth of h g and the refractive index of n 2 ¼ 1:45, the incident wave is reflected by a metal layer of Ag with thickness of h m ¼ 100 nm and the refractive index of n 3 ¼ 0:469 À 9:32i. With parameters optimized, the 0th order can be suppressed so that the incident energy is coupled into the ±1st orders with uniformity.
Reflective Splitter With the Zeroth Order Suppressed
Under normal incidence, the incident wave fields are
k 0 ¼ 2= is the propagation constant. In the reflection region, the wave solutions are given by
where R i is the electric-field amplitude for TE polarization or magnetic-filed for TM polarization of the ith reflected wave. The magnetic field or the electric field may be obtained from Maxwell's equation
where is the permeability, ! is the angular optical frequency, " 0 is the permittivity of free space, and n is the refractive index of considered region. In the grating region, E y and H x for TE polarization can be expressed with a Fourier expansion. Similarly, H y and E x for TM polarization can also be expanded. Furthermore, utilizing the boundary condition, the electric-field amplitude R i can be obtained by the formulation [15] - [17] of the RCWA. The reflective efficiencies are defined as [9] 
In this paper, the MATLAB software codes are developed according to the formulation [15] - [17] of the RCWA. The grating period should meet the condition of G d G 2 in order to diffract the incident wave into no more than ±1st orders. However, for a transmission grating, it is not easy to suppress the 0th order by a low-contrast grating. Therefore, the reflective grating with the mixed metal dielectric structure is used in this paper. Fig. 2 shows reflective efficiency in the 1st and the 0th orders versus grating depth and period with the duty cycle of 0.3 for TE and TM polarizations. In Fig. 2(a) and (b) , with the grating depth of 1.28 m and period of 3061 nm, efficiencies of 48.36% and 48.34% can be diffracted into the ±1st orders for TE and TM polarizations, respectively. In Fig. 2(c) and (d) , there are only efficiencies of 0.21% for TE polarization and 0.23% for TM polarization diffracted into the 0th order. As can be seen from the results, the reflective low-contrast grating can also suppress the 0th order with excellent performance compared with the transmission high-contrast grating [10] .
Performance With the Zeroth Order Suppressed
Conventional reported transmission high-contrast gratings have been reported to suppress the 0th order for TE polarization. The reflective grating presented in this paper has been optimized to suppress the 0th order for TE and TM polarizations simultaneously. Especially, the fabrication tolerance for grating depth is quite wide for TM polarization. Fig. 3 shows reflective efficiency versus grating depth for TM polarization with the grating period of 3061 nm and grating duty cycle of 0.3. In Fig. 3 , efficiencies in the 0th order are less than 5% within the wide etching depth range of 0.89-1.36 m. Since the grating depth modulates the efficiency in the 0th order cosinoidally for the transmission grating, it is difficult to obtain the wide fabrication tolerance for the etching depth. While for the reflective grating, the wide etching depth range can be tolerated to suppress the 0th order during the fabrication.
The incident laser usually has a wide wavelength range around the central wavelength. It is necessary to investigate the effect of wavelength shift on the performance of suppressing the 0th order. Fig. 4 shows reflective efficiency versus incident wavelength for the zeroth-order nulled reflective splitter with the optimized grating parameters. In Fig. 4 , efficiencies less than 5% are diffracted into the 0th order within the incident wavelength range of 1534-1557 nm for both TE and TM polarization. Meanwhile, efficiencies in the 1st order are more than 46% for two polarizations. It indicates that the reflective splitter grating can suppress the 0th order with the wide incident wavelength range and the polarization-independent property.
For the reflective splitter grating, the incident mounting is based on the normal incidence. In the reflection region, the 0th order is suppressed with the optimized grating parameters. For practical use, a certain incident angular bandwidth is desirable. Fig. 5 shows reflective efficiency versus incident angle for the zeroth-order nulled reflective splitter with the optimized grating parameters. In Fig. 5 , efficiencies in the 0th order are less than 5% within the angular bandwidth of À1:1À1:1
. The certain incident angular bandwidth can make the splitter grating with the 0th order suppressed easy to use in many optical systems.
Conclusion
In conclusion a novel reflective grating splitter is presented with the 0th order suppressed. For reported transmission gratings, it is not easy to suppress the 0th order for the low-contrast grating with the condition of . The high-contrast grating has to be applied [10] . However, a novel reflective grating splitter is presented with the 0th order suppressed in this paper instead of the high-contrast grating. Although the mixed metal dielectric structure has been proposed to achieve high efficiency in the −1st order [11] , this is the first time the reflective grating that suppresses the 0th order has been presented. By the mixed metal dielectric structure [11] , the lowcontrast gating can suppress the 0th order with optimized grating parameters.
Furthermore, transmission gratings with the 0th order suppressed are mainly reported for TE polarization. However, the proposed reflective grating with the 0th order suppressed can work for both TE and TM polarizations. For the fabrication tolerance of etching depth, the efficiency usually changes with depth cosinoidally for the transmission grating, where the permitted etching depth range is quite narrow. For the reflective grating in this paper, efficiencies less than 5% can be suppressed in the 0th order within wide etching depth range of 0.89-1.36 m for TM polarization, which can facilitate the fabrication process effectively. Since mixed metal dielectric gratings have been reported in the theory [11] , [12] and the experiment [13] , the 0th order can be suppressed by the optimized mixed metal dielectric grating.
